Activated fibroblasts, or myofibroblasts, are crucial players in tissue remodeling, wound healing, and various fibrotic disorders, including interstitial lung fibrosis associated with scleroderma.
INTRODUCTION
reached confluency. Monolayer cultures were maintained in the same medium. Lung fibroblasts were used between second and fourth passages in all experiments. Purity of isolated lung fibroblasts was determined by crystal violet staining (25) and by immunofluorescent staining (monoclonal antibody against human fibroblasts as described previously (26), followed by FITCconjugated goat anti-mouse IgG staining) (Santa Cruz Biotechnology, Santa Cruz, CA).
Rho[ 35 S]GTPγS Binding. Rho-[ 35 S]GTPγS binding assay was performed as described by
Seasholtz et al. (27) with some modifications. Lung fibroblasts were grown to confluency on 100 mm dishes. In some experiments antisense oligonucleotide for PKCε and appropriate sense oligonucleotide (control) were introduced into the cells as described previously (21, 28) . Cells were harvested in phosphate-buffered saline (PBS) containing 137 mM NaCl; 2.6 mM KCl; 1.8 mM KH 2 PO 4 ; and 10 mM Na 2 HPO 4 , pH 7.4. Cells were further pelleted at 220xg and lysed in 400 µl/plate of lysis buffer (50 mM Tris, pH 7.4; 10 mM MgCl 2 ; 2 mM EDTA; 100 mM NaCl; 1 µM GDP; 20 µg/ml aprotinin; 10 µg/ml leupeptin; and 100 µM PMSF). The lysates were homogenized with 1 ml syringe 5-6 times and spun at 220 xg to remove unbroken cells. Protein concentration of the supernatant was determined using Bio-Rad reagent. Rho-[ 35 minute. Samples were transferred to vials containing 5 ml of Ecoscint A (National Diagnostics, Atlanta, GA) and analyzed by scintillation spectrometry. In one set of experiments, antisense oligonucleotide for PKCε (5'-ATTGAACACTACCAT-3') and sense oligonucleotide as a control (5'-ATGGTAGTGTTCCAAT-3') were introduced into lung fibroblasts as described (21, 28) 24 hours before harvesting of the cells.
GST-rhotekin Pull Down Assay. Lung fibroblasts were grown to 70% confluency on 100 mmdishes, serum-deprived overnight, and stimulated with thrombin (0.5 U/ml) up to 24 hours. Cells were then harvested with PBS and lysed with ice-cold buffer, containing 50 mM Tris, pH 7.2;
1% Triton X-100; 0.5% sodium deoxycholate; 0.1% SDS; 100 mM NaCl; 20 mM MgCl 2 ; 40 mM β -glycerophosphate; 10 µg/ml aprotinin; 10 µg/ml leupeptin; and 100 mM phenylmethylsulfonyl fluoride. Cell lysates were incubated with GST fusion Rho-binding domain (RBD) of the RhoA effector rhotekin previously bound to GST-beads for 1 hour. The GST-beads were washed four times with lysis buffer and subjected to 12% SDS-PAGE. Bound
RhoA was detected with anti-RhoA monoclonal antibody (Santa Cruz Biotechnology).
Preparation of Collagen Lattices and Measurement of Collagen Gel Contraction by Lung
Fibroblasts. Collagen lattices were prepared using type I collagen as described previously (21).
To initiate collagen gel contraction, polymerized gels were gently released from the underlying culture dish and cells were immediately stimulated with 0.5 U/ml of thrombin in serum-free DMEM, or pretreated with pertussis toxin or toxin B for 24 h and then stimulated with thrombin.
The degree of collagen gel contraction was determined after 2 hours. Pictures were taken with a Kodak EDAS-120 digital camera (Eastman Kodak Co., Rochester, NY). The diameter of the gels was measured in mm and recorded as the average value of the major and minor axes. and aliquoted into 24-well plates. The degree of collagen gel contraction was determined 48 h after transfection. To determine expression of SM-α actin, as well as V5/His-PKCεA159E and HA-RhoAL63, collagen gels were collected, digested with collagenase and analyzed by Western blot using anti-SM-α actin antibody, anti-V5 antibody, and anti-HA antibody, respectively.
Co-immunoprecipitation Experiments. Immunoprecipitation was performed as described previously (21). Briefly, lung fibroblasts were grown to confluence, kept in serum-free DMEM overnight, and then treated with thrombin (0.5 U/ml) for 5 min, 15 min, 2 h and 24 h. In a part of experiments cells were pretreated with or without toxin B (50 pg/ml) for 18 hours and then stimulated with or without thrombin (0.5 U/ml) for 2 h. In another set of experiments cells were pretreated with PKCε translocation inhibitor peptide (TIP) or scrambled peptide (TIPN) as previously described (21). Briefly, TIP or TIPN (each 150 µg/ml) were introduced into the permeabilized cells with saponin (50 µg/ml) followed by thrombin treatment (0.5 U/ml for 2 h).
Cells were then washed with ice-cold PBS and collected with 1 ml of ice-cold solubilization buffer (10 mM Tris; 10 mM EDTA; 500 mM NaCl; 1% Nonidet P-40; 0.5% deoxycholate; and 0.1% SDS; pH 7.4). Samples were rotated for 3 h and then cleared by microcentrifugation at 4ºC. Confocal microscopy was performed using an Olympus Merlin Imaging System (Life Science
Resource, Melville, NY).
RESULTS

Thrombin Activates Small GTP-binding Rho Protein in Human Lung
Fibroblasts. The ability of thrombin to induce Rho GTP-ase was measured in cell lysates using binding of [ 35 
S]GTPγS to
RhoA isolated subsequently by immunoprecipitation (27). We found that thrombin rapidly activates Rho in a concentration-dependent manner (Fig.1A) . Thrombin, at a concentration as low as 0.01 U/ml, produced a significant increase in Rho-[ These results suggest that, in thrombin-treated lung fibroblasts, inactive GDP-bound Rho is converted to the GTP-bound form, which is able to interact directly with Rho-binding domain (RBD) of the RhoA effector rhotekin. To demonstrate that thrombin indeed stimulates Rho activity in intact lung fibroblasts, we performed a Rho guanine nucleotide exchange assay in vivo (29) . Lung fibroblasts were incubated with thrombin (0.5 U/ml), and the levels of the GTPbound form of Rho associated with GST-RBD of rhotekin were detected by Western blot with an anti-Rho antibody. Time-course analysis of Rho stimulations by thrombin showed the rapid and potent activation of Rho, which was maximal in 2-5 minutes after thrombin addition and remained above basal levels for up to 24 h (Fig. 1B) .
Rho Inactivation Prevents SM-α Actin Organization and Collagen Gel Contraction in Lung
Fibroblasts. Rho protein has been implicated in cytoskeleton reorganization and stress fiber formation (18) . Because SM-α actin in activated fibroblasts has been shown to be incorporated mainly into stress fibers (10, 11) , Rho may be one of the proteins responsible for SM-α actin expression and organization. To test whether Rho is indeed involved in thrombin-mediated lung fibroblast differentiation, we employed Clostridium difficille toxin B, which monoglucosylates and inactivates Rho proteins. As we previously reported, lung fibroblasts express small amounts of SM-α actin that is not fully organized (21). After 24 h of thrombin treatment, such cells express large amounts of highly organized SM-α actin, similar to what we have observed in scleroderma lung fibroblasts which, without any treatment, express highly organized SM-α actin.
Pretreatment of cells with toxin B for 18 h completely prevented organization of thrombininduced SM-α actin in lung fibroblasts, without interfering with SM-α actin expression.
Another typical feature of myofibroblasts, their contractile activity, depends on SM-α actin expression and organization (4, 6) . Recently we demonstrated that thrombin rapidly induced collagen gel contraction by normal lung fibroblasts, whereas SSc myofibroblasts contracted collagen gels without any treatment (21). Inactivation of Rho proteins by pretreatment of the cells with toxin B for 18 h abolished thrombin-induced collagen gel contraction by normal lung fibroblasts (Fig. 3A) . The levels of SM-α actin in collagen gels were increased after thrombin stimulation, but were not dependent on toxin B treatment (Fig. 3B) . We conclude that GTPbinding Rho protein is essential for SM-α actin organization but not for its expression.
Interaction of Rho Protein with PKCε and SM-α Actin. Based upon our results showing that the
presence of active Rho is essential for SM-α actin organization, we investigated whether Rho protein could associate with PKCε in lung fibroblasts. Lung fibroblasts were stimulated with thrombin for 5min, 15 min, 2 h and 24 h and then immunoprecipitated with anti-RhoA antibody followed by immunoblotting with anti-PKCε antibody. We found that Rho protein coimmunoprecipitates with PKCε rapidly, within 5 min of thrombin treatment (Fig. 4A ).
Furthermore, we demonstrated that association of RhoA with PKCε was transient and disappeared after incubation of lung fibroblasts with thrombin for 2 or more hours. We also 13 performed immunoprecipitation of lung fibroblasts with anti-SM-α actin antibody followed by immunoblotting with anti-PKCε and anti-RhoA antibodies. We found that after 5 min of thrombin treatment, neither PKCε nor RhoA associated with SM-α actin (Fig. 4 PKC isoforms have been shown to have specific subcellular localizations before their activation.
Inactive PKC isoforms are localized in cytosol and after activation they translocate to the plasma membrane and/or cytoskeleton (30) . To establish whether inhibition of PKCε activation affects thrombin-induced complex formation between SM-α actin and PKC or RhoA, we employed specific translocation inhibitor peptide for PKCε to inhibit its activation. We found that inhibition of PKCε translocation completely abolished interaction among all three molecules (Fig. 4 B, C, right panels). Rho inhibitor, toxin B had the same effect. We hypothesize that in thrombin-activated lung fibroblasts, PKCε and RhoA rapidly associate and are followed by recruiting SM-α actin and forming a ternary complex. PKCε/RhoA/SM-α actin leads to differentiation of normal lung fibroblasts to a myofibroblast phenotype (Fig. 5) .
Several recent studies have demonstrated that some PKC isoforms are required for activation of Rho family members (31, 32 (Fig. 6B, upper panel) . Depletion of PKCε did not change thrombininduced Rho-GTPγS binding in lung fibroblast lysates (Fig. 6B, lower panel) .
Overexpression of Constitutively Active PKCε A159E and RhoAL63 Mimics Thrombin's Effects on SM-α Actin Expression/organization and Collagen Gel Contraction in Normal Lung
Fibroblasts. Our results suggest that thrombin activates Rho protein and PKCε in lung fibroblasts in an independent manner. We postulated that activated RhoA and PKCε associate with one another and then are capable of mimicking the effects of thrombin on SM-α actin rearrangements in human lung fibroblasts. To test this hypothesis, we employed constitutively Recent publications support an important role for Rho GTPase in cytoskeletal reorganization (15, 35) . Microinjection studies performed in fibroblasts showed that Rho mediates stress-fiber formation, and inhibition of Rho prevents stress-fiber formation in response to lysophosphatidic acid and bombesin (36, 37) . We found that Rho inactivation inhibits SM-α actin organization and collagen gel contraction by lung fibroblasts. This is consistent with the fact that SM-α actin in activated lung fibroblasts is chiefly incorporated in stress fibers. Furthermore, we showed that inhibition of Rho proteins by toxin B abolished interaction between SM-α actin and PKCε. This effect is not due to SM-α actin disorganization, but rather direct involvement of RhoA because, as we showed previously, the actin microfilament-disrupting agent, cytochalasin D does not affect complex formation between PKCε and SM-α actin (21).
Using a yeast two-hybrid system, direct interaction has been shown between the yeast homologues of Rho protein, Rho1p, and the homologues of mammalian PKC, Pkc1p (38) .
Recent studies also provide evidence that mammalian PKC isozymes and Rho GTPases coimmunoprecipitate and participate in direct protein-protein interactions (39, 40, 41 RhoA remain associated with SM-α actin after 2 h and 24 h of exposure to thrombin. We hypothesize that in thrombin-activated lung fibroblasts, PKCε and RhoA rapidly associate, recruit SM-α actin, and form the ternary complex. However, we were not able to coimmunoprecipitate PKC with anti-Rho antibody after 2 h and 24 h of thrombin stimulation, while both molecules PKC and Rho were easily detected after 2 h and 24 h of thrombin treatment, when co-immunoprecipitation was performed with anti SM-α actin antibody. We believe that PKCε could not be detected in association with RhoA because, after 2 h of thrombin stimulation, there is no longer direct interaction between Rho and PKC; however, both of them, Rho and PKC interact with SM-α actin. It is also possible that during protein-protein interaction between PKC and SM-α actin, some changes in PKC conformation occur which make it unavailable for anti-PKC antibody, when immunoprecipitation is performed with anti-RhoA antibody.
We assumed that association of Rho GTP-ase and PKCε in lung fibroblasts might be necessary The molecular link between Rho and actin stress fiber formation has been recently identified (18, 43) . The downstream target of Rho, Rho-kinase, has been shown to directly phosphorylate myosin light chain which promote interaction of myosin filaments with actin filaments and is followed by stress fiber formation and increased contractility (43) (44) (45) . Thrombin has been shown to promote actin reorganization in endothelial and astrocytoma cells via Rho dependent activation of myosin light chain but without PKC involvement (46, 47) . In the present study we confirm that PKCε activation is required for thrombin-induced SM-α actin organization.
Recently, we found that inhibition of PKCε activation in lung fibroblasts prevents thrombin- to subconfluence on glass slides, followed by 18 h preincubation with or without 50 pg/ml toxin B in serum-free medium and then stimulated with or without thrombin (0.5 U/ml) for 24 hours.
SM-α actin expression and organization in lung fibroblasts was analyzed by confocal microscopy. The experiment was performed three times and representative images are presented. 
